INTRODUCTION {#rry010s1}
============

Radiation education can be considered as including both disaster education and education in disaster risk reduction. However, since radiation education is not necessarily premised on the actual occurrence of a disaster, it seems more legitimate to consider it an independent educational area \[[@rry010C1]--[@rry010C4]\]. While radiation education and how it should be conducted in schools has been discussed over many years in many countries \[[@rry010C5]--[@rry010C7]\], the Chernobyl disaster aroused interest on a global scale, and various initiatives have been carried out since then \[[@rry010C8]\]. In Russia, for example, local authorities have provided assistance in the production of textbooks and multimedia teaching materials handling the Chernobyl disaster, as well as for the establishment of information and resource rooms at schools to enable students to collect information on radiation proactively. Seminars have also been organized for teachers and social welfare assistants \[[@rry010C9]\].

In Japan, however, although much discussion has been held on education in radiation safety over many years, radiation education was not being actively practised in Japanese schools, despite its recognized importance. This was (i) because it had not been explicitly required or recommended in the governmental guidelines for school curricula and (ii) due to the lack of radiation literacy on the part of educators. At the 24th Meeting of the Radiation Protection Section of the Japanese Society of Radiological Technology held in 2007, Fukushi pointed to the need for and importance of more explicit emphasis on radiation education, not only in higher education but also in the governmental guidelines for school curricula \[[@rry010C10]\]. Furthermore, Okuzaka *et al.* highlighted the importance of developing safe and low-priced educational materials that would allow easy visualization of radiation concepts by students \[[@rry010C11]\]. Fukutoku surveyed the actual situation with regard to radiation education in elementary and middle schools in Kagoshima prefecture to clarify the degree of radiation literacy and the nature of attitudes toward radiation education on the part of primary and middle school students and their teachers \[[@rry010C12], [@rry010C13]\]. This survey revealed that the students had been improving their understanding of radiation by informing themselves, primarily via such media as books and television, rather than through school education. As for the teachers, the survey clearly indicated that, despite their understanding of its importance, they were unable to actively engage in radiation education because they did not possess sufficient radiation literacy themselves.

Following Japan's Fukushima Daiichi Nuclear Power Plant disaster, triggered by the Great East-Japan Earthquake and subsequent tsunami on 11 March 2011, the general public has shown a heightened interest in radiation, and the importance of acquiring accurate knowledge about radiation is now widely recognized \[[@rry010C14]\]. Indeed, it is particularly important that children are sufficiently informed about and have an evidence-based understanding of radiation, since they are likely to find themselves in situations in the future where they will be made acutely conscious of the possible impact of radiation on their health and may worry about it. In fact, following the Fukushima nuclear disaster, in October 2011 the Ministry of Education, Culture, Sports, and Science and Technology (MEXT) of Japan published graded supplementary reading materials about radiation and related matters for use in elementary, middle and high schools so that 'children may develop the ability to learn, think about and make decisions concerning radiation, radioactivity and radioactive materials' \[[@rry010C15]\]. Practical initiatives for radiation education have also been taken in schools in and around Fukushima Prefecture \[[@rry010C16], [@rry010C17]\]; however, while discussions of radiation education and how it should be conducted have since been repeated \[[@rry010C18], [@rry010C19]\], little information is available on how much knowledge school students have about radiation and related matters and how well radiation education improves their understanding.

One of the co-authors of this paper (Dr Tsubokura) has been working since immediately after the Fukushima nuclear disaster in Soma and Minami-Soma Cities (\~20 km away from the Fukushima Daiichi Nuclear Power Plant), providing medical support for the disaster relief \[[@rry010C20], [@rry010C21]\]. In addition to these activities as a physician, he has also visited local schools and, strongly convinced of the importance of radiation education in schools, has been conducting radiation education at many middle and high schools (lower and higher secondary schools, respectively). In the present study, we examined the effects of the radiation education organized at three high schools in affected areas, based on the field practice of one of co-authors of this paper, to elucidate what type of radiation education is necessary for children in their teens.

It must nevertheless be noted that actual efforts toward radiation education in schools have been meager and slow, especially considering the enormous damage caused by the nuclear disaster. It is under such circumstances that we have been conducting radiation education, primarily in schools in affected areas, as stated above. Dissemination of the findings from this educational practice is significant in both scientific and societal terms, in that they can help clarify the effects and challenges of radiation education and serve as reference material for future radiation education in school situations.

MATERIALS AND METHODS {#rry010s2}
=====================

In the present study, we analyzed the results of radiation education conducted in the Soso district, which includes Soma and Minami-Soma Cities in Fukushima prefecture, Japan. The Soso district was radioactively contaminated after the Fukushima Daiichi Nuclear Power Plant disaster. Soma and Minami-Soma are situated respectively 43 km and 25 km from the nuclear power station. Census data shows that populations of Soma and Minami-Soma were 37 796 and 70 895, respectively, up until the time of the disaster. On 12 March 2011, Minami-Soma City was subjected to a special evacuation order, with some zones designated for immediate mandatory evacuation and others for eventual emergency evacuation; evacuation was not imposed on Soma City. The coastal area of the Soso district was damaged by the tsunami waves, and a total of 1607 deaths were reported in these two cities.

While continuing our radiation-related medical activities in Soma and Minami-Soma Cities, we lectured on the subject of radiation at three high schools located in the Soso district during the academic year 2013. In the present study, we examined the findings from these lectures, held in the post-Fukushima Soso district, to analyze how much knowledge high school students had about radiation and related matters following the nuclear power plant disaster, and how well radiation education improved their understanding, so as to evaluate its effectiveness.

Description of the schools surveyed {#rry010s2a}
-----------------------------------

The three high schools covered in the study were selected from among a total of six high schools located in Soma and Minami-Soma Cities. Of the three, High School A is a public school located in Minami-Soma, 25 km from the Fukushima Daiichi Nuclear Power Plant, within a zone formerly designated for evacuation preparation (Table [1](#rry010TB1){ref-type="table"}). At High School A, classes were suspended on 12 March 2011, and resumed on 9 May 2011 in a temporary school building. High School B and High School C are both public schools in Soma City located 43 km and 44 km respectively from Fukushima Daiichi. A disaster-induced suspension of classes at the two schools was temporary and the schools resumed classes 20 April 2011. Sessions on radiation education were held in January 2014 at High School A, in October 2013 at High School B, and in February 2014 at High School C. Table [1](#rry010TB1){ref-type="table"} summarizes the particulars of radiation education at the respective high schools. The duration of one lecture at High School A was \~45 min, slightly shorter than at the other schools (60 min), but the number of students in attendance at one time was smaller (a total of 146 students in the same school year was divided into two equal groups). At High School B and High School C, all the students in the same school year were assembled either in the school auditorium or multimedia room to attend the lecture (the total numbers of registered students in the school year were 186 at High School B and 529 at High School C). Table 1.Participating high schools and students in the lecturesLocation (km from the power plant)DateGradeNo. of students (girls)Duration of the lectureHigh schoolA25 kmJan, 20142nd133 (69)45 minHigh schoolB43 kmOct, 20132nd129 (69)60 minHigh schoolC44 kmFeb, 20142nd, 3rd455 (306)60 min

Lecture {#rry010s2b}
-------

At each of the three high schools, we lectured on radiation, providing the attending students with (i) scientific knowledge relating to radiation, (ii) the results of radiation examinations conducted locally following the nuclear power plant disaster and (iii) measures and precautions for daily radiation protection based on the results. More specifically, under item (i), the lecturer explained radiation, environmental radiation, and the relationship between radiation exposure and damage to physical health (Table [2](#rry010TB2){ref-type="table"}). Under item (ii), the lecturer discussed the results of environmental radioactivity monitoring conducted continuously since 2011 in Soma and Minami-Soma cities, as well as the results of internal contamination measurements (using whole-body counters) and external exposure measurements (using personal dosimeters) that the students had regularly been conducting on themselves. Finally, the students were advised with regard to daily meals, water, and outdoor activities. The lecture contents had been carefully designed so that learning through this practice would optimize the students' daily behaviors and attitudes with regard to what is considered appropriate from the perspective of medical health and radiation protection. Table 2.Contents of lectures, and questionnaire surveyContents1Scientific knowledge relating to radiation2Results of radiation examinations conducted locally following the nuclear power plant disaster3Measures and precautions for daily radiation protection based on the resultsSections of questionnaire surveyNo. of questions1Daily practical knowledge about radiation132General scientific knowledge about radiation183Radiation-related behavior and attitude10

Questionnaire survey {#rry010s2c}
--------------------

For the study, identical questionnaires were distributed to the students before and after they attended the lecture on radiation at their school to collect data about their knowledge, attitudes, and behaviors related to radiation. The questionnaire was composed of three sections: Section 1 contained 13 questions on daily practical knowledge; Section 2, 18 questions on general scientific knowledge about radiation; and Section 3, 10 questions on radiation-related behaviors and attitudes (Table [2](#rry010TB2){ref-type="table"}).

The questions on daily practical knowledge and general scientific knowledge about radiation were true--false questions or questions with two or multiple choices for answers. For the questions about behaviors and attitudes, the respondents were asked to choose answers on five-point Likert scales, ranging from 'Strongly agree' to 'Strongly disagree'. While the questions in Section 3 did not specify geographic locales in connection with attitudes and behaviors, the students seem to have answered the questions from the point of view of their actual sphere of daily life.

In general, in Section 3, affirmative responses were considered preferable for questions other than 'a,' 'c' and 'e', while negative responses were considered preferable for question 'e'. However, we would like our readers to keep in mind, while reading the remainder of the paper, that there are no right or wrong answers since each individual has his or her own way of perceiving radiation.

The questionnaire survey was conducted for the first time 3--4 days before the lecture on radiation, and for the second time immediately afterwards. Differences between the two surveys were analyzed in terms of the percentage of answers aligned with the evidence base and the contents of the responses.

Data analysis methods {#rry010s2d}
---------------------

To compare the questionnaire survey results before and after the lecture on radiation, only the samples that included the two surveys were retained for analysis. The analysis was done using the following method: The average numbers of 'evidence-based' (i.e. appropriate with respect to the evidence base) answers to the questions in Section 1 (daily practical knowledge) and Section 2 (scientific knowledge about radiation) in the surveys before and after the lecture were determined for each school and gender. To examine the effect of the lecture, the differences in the averages were analysed using a *t*-test. This analysis was carried out to verify the effectiveness of the radiation education.A *k*-means (non-hierarchical) clustering analysis was conducted, using the answers to the 10 questions (see Table [5](#rry010TB5){ref-type="table"}) in Section 3 (radiation-related behaviors and attitudes) before and after the lecture. The purpose of this analysis was to classify the students into clusters based on their behaviors and attitudes.Selected students were divided into two groups based on the degree of post-lecture change in their number of 'evidence-based' answers to the questions in Sections 1 and 2; in Section 3, the results for the two groups were compared. This analysis was conducted to determine which type of knowledge (that covered in Section 1 or that covered in Section 2) was more important for deepening students' understanding of radiation.

Ethics {#rry010s2e}
------

This study was approved by the Ethics Committee of Minami-Soma Municipal General Hospital (Approval No: 28-01). The Ethics Committee was aware that the execution of this study required no written consent by the individuals concerned or their legal guardians.

RESULTS {#rry010s3}
=======

Overall and school-specific tendencies regarding knowledge {#rry010s3a}
----------------------------------------------------------

Of the total of 861 students who received radiation education at the three high schools, we analyzed data from 717 students who participated in both questionnaire surveys before and after the lecture. The respondents whose scores were valid for analysis numbered 133 (of which 69 were girls) from High School A, 129 (of which 69 were girls) from High School B, and 455 (of which 306 were girls) from High School C.

Table [3](#rry010TB3){ref-type="table"} shows the average numbers of 'evidence-based' answers in Section 1 (daily practical knowledge) and Section 2 (scientific knowledge about radiation), for each school and gender before and after the radiation lecture, as well as the differences between the two. For each of the schools and genders, the average numbers of 'evidence-based' answers increased significantly after the lecture. For the 717 respondents as a whole, the average number of 'evidence-based' answers increased from 5.18 to 8.71 (*P* \< 0.01) in Section 1 (13 questions in total) and from 9.15 to 12.27 (*P* \< 0.01) in Section 2 (18 questions in total). A one-way analysis of variance recognized differences (in terms of the effect of the lecture) between the schools as being significant (*P* \< 0.01). Later, multiple comparisons (Tukey's test) detected clear differences between the three schools (in terms of the effect of the lecture) in Section 1 (High Schools B, C and A, in descending order) and between two schools \[between High Schools C and B (there being no difference between High Schools C and A)\] in Section 2. Table 3.Average numbers of 'evidence-based' answersNo. of samples analyzedSection 1 (13 questions)Section 2 (18 questions)Before theAfter theDifferenceBefore theAfter theDifferencelecturelecturelecturelectureHigh school A Total**1337.219.382.17\*\*11.1913.322.13\*\*** Boys647.639.231.61\*\*11.3613.482.13\*\* Girls696.839.522.70\*\*11.0313.162.13\*\*High school B Total**1294.9110.295.38\*\*9.5214.925.40\*\*** Boys605.3510.455.10\*\*9.7515.285.53\*\* Girls694.5410.145.61\*\*9.3214.615.29\*\*High school C Total**4554.668.073.41\*\*8.4511.212.76\*\*** Boys1494.688.033.34\*\*8.3611.022.66\*\* Girls3064.658.083.44\*\*8.5011.312.81\*\*Total**7175.188.713.53\*\*9.1512.273.12\*\***[^1]

As for tendencies by school, High School A registered the largest average numbers of 'evidence-based' answers before the lecture. This is presumably because High School A is located in Minami-Soma City, which included mandatory evacuation zones, and its students were probably more interested in radiation than the students at the other schools. Furthermore, considering High School A is the most difficult to enter of the three schools in the competitive school admission system, it is possible that the high academic standards were reflected in the numbers of 'evidence-based' answers.

Notwithstanding, multiple comparisons revealed that High School B had the largest average numbers of 'evidence-based' answers in both Section 1 and Section 2 and also made the greatest improvement in terms of the percentage of 'evidence-based' answers. These results indicate that the High School B students benefited most from the radiation education, and the following can be cited as probable reasons. First, unlike the lectures at High Schools A and C, the lecture at High School B included a long question-and-answer period. Second, the High School B students were obviously far more highly motivated to proactively learn about radiation, as demonstrated by their active participation in the question-and-answer period, than their peers at the other two schools. Third, the teacher at High School B who served as coordinator seemed more deeply committed to radiation education than those in the corresponding positions at the other schools. This was easily perceived by the way the teacher explained the objectives of the session in a more detailed manner than that teacher's counterparts at the other schools.

Change in the students' understanding {#rry010s3b}
-------------------------------------

To clarify how the students' understanding had changed after the lecture, the students were divided into six clusters in two stages, based on their understanding of what attitudes or behaviors to assume regarding radiation (Table [4](#rry010TB4){ref-type="table"}). Table [5](#rry010TB5){ref-type="table"} shows the average scores of the students, divided into three clusters for both before and after the lecture, that were indicative of what they perceived to be the appropriate attitudes and behaviors regarding radiation. Table 4.Classification of students before and after the lecture based on radiation-related understanding, attitudes and behaviorsBefore the lecture(A)Those whose degree of anxiety about radiation was relatively high(B)Those whose degree of anxiety about radiation was relatively low(C)Those with no interest in radiationAfter the lecture(D)Those with appropriate knowledge and balanced feelings about radiation(E)Those with anxiety about radiation still remaining, despite their recently acquired knowledge(F)Those with no interest in radiationTable 5.Average scores of student clustersQuestionBefore the lectureAfter the lectureCluster A/B/CCluster D/E/FaTo prevent external radiation exposure, it is not necessary to be worried about how much time one spends outdoors.(⇔)2.133.442.004.292.662.25bTo prevent internal radiation exposure, it is not necessary to be worried about how much time one spends outdoors.(↑)2.313.602.004.572.832.37cTo prevent internal radiation exposure, locally produced food must be avoided.(⇔)3.702.612.151.662.741.58dTo prevent internal radiation exposure, food whose shipment is already restricted must be avoided.(↑)4.373.402.793.393.892.34eTo prevent internal radiation exposure, it is better to avoid tap water.(↓)3.872.722.441.602.791.71fI am going to continue to take part in internal radiation exposure examinations.(↑)4.002.992.903.513.662.15gContinuous internal and external examinations are necessary.(↑)4.323.293.333.763.882.13hHealth issues related to daily habits and the like are more important than radiation exposure.(↑)3.353.483.064.253.582.54iI want to make an effort to learn more about radioactivity, since it is important to understand it correctly.(↑)3.953.343.104.293.902.36jThe radioactive dose in the area where I live is sufficiently low to allow future daily activities.(↑)2.843.242.934.413.402.68N20832915330230491[^2]

The students' answers given before the lecture were divided into three clusters: (A) those indicating their degree of anxiety about radiation was relatively high, (B) those indicating their degree of anxiety about radiation was relatively low, and (C) those indicating no interest in radiation. The Cluster (A) students tended to consider radiation as something scary, and many of them believed that they must act accordingly. The Cluster (B) students, in contrast, were interested in radiation, but many of them believed that the negative impact of radiation was limited. The Cluster (C) students, unlike the Clusters (A) and (B) students, took little interest in radiation and felt vaguely annoyed about it.

Then, the students' understanding was re-evaluated after the lecture. At this stage, the students' responses were reclassified into three clusters based on their average points: (D) those indicating appropriate knowledge and balanced feelings about radiation, (E) those indicating anxiety about radiation still remained, despite the recently acquired knowledge, and (F) those indicating no interest in radiation. Many of the Cluster (E) students still felt anxiety about radiation, despite acquiring a certain level of knowledge. Participation in the radiation education session for the Cluster (F) students did not greatly deepen their understanding about radiation, and they were not sure what constituted appropriate attitudes and behaviors.

As stated above, the students were divided into three clusters at each stage, based on their states before and after the lecture. Figures [1](#rry010F1){ref-type="fig"}--[3](#rry010F3){ref-type="fig"} indicate how the students' understanding changed after the lecture, classified by school and gender. Detailed school-by-school data are omitted. Among the pre-lecture clusters, many girls, except for those of High School B, belonged to Cluster (A). This is probably because girls tend to feel more anxiety about radiation due to a fear of possible adverse effects of radiation on pregnancy and childbirth. This tendency weakened in the post-lecture clusters.

![How Cluster (A) students changed after the lecture.](rry010f01){#rry010F1}

![How Cluster (B) students changed after the lecture.](rry010f02){#rry010F2}

![How Cluster (C) students changed after the lecture.](rry010f03){#rry010F3}

For all the schools and both genders, students with no interest in radiation diminished after the lecture \[Clusters (A), (B) and (C) -\>Cluster (F)\]. At the same time, those with both appropriate knowledge and balanced feelings about radiation increased after the lecture \[Clusters (A), (B), and (C) -\>Cluster (D)\]. Nevertheless, for many schools and both genders, Cluster (E), those who retained a measure of anxiety even after the lecture, constituted nearly half of the total students. The results also revealed that many of the students who felt worried even after the lecture tended to be overcautious, despite the low levels of internal contamination in Fukushima, many believing that certain types of food and water should be avoided, compared with the beliefs of students in the other clusters (Table [5](#rry010TB5){ref-type="table"}).

Analysis by cluster indicates that many students who had had anxiety about radiation before the lecture actually retained some anxiety, even after obtaining knowledge from the lecture (Cluster (A) -\>Cluster (E)). This suggests that the students who initially had strong anxiety about radiation tended to remain somewhat anxious, even after the lecture, and that it is difficult to resolve their anxiety with only a single session of radiation education.

Meanwhile, at High School B, which showed the largest increase in the number of 'evidence-based' answers following the lecture, more than half the students who had felt anxiety before the lecture shifted to the cluster with appropriate knowledge and balanced feelings (Cluster (A) -\>Cluster (D)). We believe that this suggests that even a single session of radiation education, if designed to effectively impart appropriate knowledge, can to some extent alleviate students' anxiety about radiation. As support for our belief, many students in Cluster (B) (those with a low degree of anxiety about radiation) shifted to Cluster (D) (those with appropriate knowledge and balanced feelings), meaning that their anxiety did not increase after they had improved their understanding about radiation through the lecture. (In this regard, some readers might wonder if the lecture had been biased for the purpose of persuading the students that radiation was safe. We would like to add here that the main purpose of the lecture was to provide scientific knowledge, which naturally included the risks of radiation, and safety was not given any particular emphasis in the lecture.)

Among the students who had been interested in radiation from the start, few shifted to the cluster with no interest in radiation after the lecture (Clusters (A) and (B) -\>Cluster (F)), whereas many students with no interest at first became interested in radiation to a certain extent after the lecture (Cluster (C) -\>Clusters (D) or (E)). It should be noted, however, that High School C had a much larger percentage of students with no interest both before and after the lecture (Cluster (C) -\>Cluster (F)) than the other schools. Several factors may have been responsible for this, such as individual attributes, environmental differences, and varying degrees of contamination and disaster damage in their sphere of daily life.

Importance of scientific knowledge {#rry010s3c}
----------------------------------

In this section, we would like to show how acquiring scientific knowledge about health issues and radioactivity influences the students' attitudes and behaviors. We removed students who already possessed sufficient knowledge about radiation before the lecture from the sample body. The 'students who already possessed sufficient knowledge' corresponded to those who had 'evidence-based' answers for over 80% of the questions in Sections 1 and 2 before the lecture---in other words, those who had 'evidence-based' answers for 11 or more questions in Section 1, and 15 or more questions in Section 2 in the pre-lecture questionnaire. The remaining students were then divided into two groups, based on whether after the lecture they had a large or a small increase in the number of 'evidence-based' answers to the questions in Section 1 (daily practical knowledge) and Section 2 (scientific knowledge about radiation) separately, and the scores in Section 3 (attitudes and behaviors in relation to radiation) were compared between the two groups (Table [6](#rry010TB6){ref-type="table"}). The students who had 'a large increase' in the number of 'evidence-based' answers corresponded to those whose number of 'evidence-based' answers increased by four or more in Section 1 and by three or more in Section 2. For the average numbers of 'evidence-based' answers in the respective sections, the numbers were rounded to two decimal places. Table 6.Average scores of student groups (Large increase *vs* Small increase)Section 1Section 2*n*Large increase*n*Small increase*n*Large increase*n*Small increaseaTo prevent external radiation exposure, it is not necessary to be worried about how much time one spends outdoors.(⇔)346**3.40**342**3.20**\*386**3.42**297**3.13**\*\*bTo prevent internal radiation exposure, it is not necessary to be worried about how much time one spends outdoors.(↑)3453.583423.45385**[3.66]{.ul}**297**3.28**\*\*cTo prevent internal radiation exposure, locally produced food must be avoided.(⇔)3462.053422.213862.082972.19dTo prevent internal radiation exposure, food whose shipment is already restricted must be avoided.(↑)3463.403383.503853.492943.39eTo prevent internal radiation exposure, it is better to avoid tap water.(↓)347**[1.98]{.ul}**341**2.32**\*\*386**[2.00]{.ul}**297**2.36**\*\*fI am going to continue to take part in internal radiation exposure examinations.(↑)3453.413413.383843.432973.33gContinuous internal and external examinations are necessary.(↑)3473.623403.573853.632973.51hHealth issues related to daily habits and the like are more important than radiation exposure.(↑)3443.743413.67385**[3.79]{.ul}**296**3.58**\*\*iI want to make an effort to learn more about radioactivity, since it is important to understand it correctly.(↑)3473.913383.79386**[3.93]{.ul}**294**3.70**\*\*jThe radioactive dose in the area where I live is sufficiently low(↑)345**[3.82]{.ul}**340**3.63**\*386**[3.84]{.ul}**294**3.56**\*\*[^3]

Between the group of students who had a large increase in the number of 'evidence-based' answers (the 'large-increase group') in Section 1 and the other group (the 'small-increase group'), post-lecture scores were significantly higher in three items only (Table [6](#rry010TB6){ref-type="table"}). However, between the large-increase and small-increase groups (classified according to the results in Section 2), a statistically significant difference was found in many more items. The increase in the number of 'evidence-based' answers in Section 2 influenced the students' scores in Section 3 more positively. Even for the items with no statistically significant difference between the two groups, the large-increase group had preferable scores in most cases.

DISCUSSION {#rry010s4}
==========

The importance of radiation education and how it should be conducted in the schools has been discussed over many years in many countries. The Chernobyl disaster aroused interest on a global scale, and various initiatives have been carried out. In Japan, the importance of radiation education had been recognized before the Fukushima Daiichi nuclear disaster, and discussions on this subject have increased since. However, little information is available on how much knowledge high school students have about radiation and related matters or about how well radiation education improves their understanding.

This study has demonstrated that radiation education for high school students is effective in instilling in them relevant basic and practical knowledge. Of note, the average numbers of 'evidence-based' answers to a questionnaire significantly increased for all the schools and for both genders after the radiation lecture in the present study. In fact, the results improved (in terms of aligning with evidence-based research) for all of the questions concerning scientific knowledge, as well as for those concerned with beliefs about safe daily behaviors. At the same time, it is intriguing that the acquisition of knowledge was not uniform among the students or the schools. The effectiveness of the radiation education varied from one school to another. This can be explained in terms of the differences between individual students regarding the amount of knowledge they possessed at the start that could be mobilized for absorbing new scientific knowledge.

High School A demonstrated a higher level of knowledge from the beginning than High School B and High School C, while High School B showed the greatest progress after the lecture (Table [3](#rry010TB3){ref-type="table"}). Several reasons can be cited for the differences in the students' initial levels of knowledge. First, there is a difference in academic ability between the students at the respective schools, since the level of difficulty of the entrance examination in the competitive admission system differs between these three high schools. Second, the schools also differ in their location relative to the Fukushima Daiichi Nuclear Power Plant and regarding whether they were inside or outside the evacuation zones. High School A is located in Minami-Soma City near the power plant, in a zone that was designated for eventual evacuation in an emergency. The students commuting to High School A, unlike the students attending the other schools, probably have more occasions to see, discuss, and hear about radiation-related subjects on a daily basis, and this could have enriched their initial knowledge.

The effects of the radiation lecture differed greatly between the three schools. While High School B had an increase in Sections 1 + 2 of 10.8, High Schools A and C had an increase of \~4.3 and 6.2, respectively. High School B's points increased after the lecture more than High School A's, whose original points had been the highest. Although the reasons for this difference could not be determined, the manner and atmosphere in which the lecture was conducted at each high school may have been factors. For example, at High School B, the lecture, although attended by a large number of students, was followed by a long question-and-answer period in an atmosphere conducive to positive exchanges between the lecturer and the audience. Moreover, whether or not a relationship of trust could be built between the high school teachers and the external lecturer would probably have affected the effectiveness of the educational practice. The High School B teachers showed a friendlier attitude toward the external lecturer than those at the other schools.

It should be noted that differences existed between the genders regarding the degree of anxiety about radiation. In our cluster analysis, many female students were in the cluster of those with anxiety before the lecture \[23.3% of males and 34.8% of females belonged to Cluster (A)\]. Females tend to be more anxious about radiation accidents because of their anticipation of pregnancy and childbirth. On the other hand, the reason may simply be attributable to higher anxiety of the girls in our study. Approximately 30% of the students in Cluster (A) were reclassified into Cluster (D), which suggests a lessening of anxiety after the lecture. However, \>60% of the female students in Cluster (A) were reclassified into Cluster (E). This suggests that a single session of radiation education has a limited effect on the acquisition of knowledge and that radiation education should be planned to occur in a continuing mode.

The cluster analysis indicated that radiation education had some impact, even on students who had shown no interest in radiation before the lecture, arousing their interest to some extent. This was observed in the shift of \~70% in Cluster (C) students (no interest) who were reclassified into Clusters (D) or (E) after the lecture, suggesting a response to the radiation lecture for a reason to be determined.

Our study suggests that it is essential for students to acquire scientific knowledge in order to positively influence their attitudes and behaviors. This assumption is supported by the findings that the more the students' scientific knowledge increased after the lecture, the more likely was their tendency to shift to the supposedly preferable responses in Section 3 relating to attitudes and behaviors. Moreover, the same can be said of the observation that students with a sufficient scientific understanding of radiation are likelier to adopt more balanced attitudes to and behaviors with regard to radiation, becoming more positive about improving their radiation literacy. On the other hand, radiation education primarily consisting of the transmission of solutions for dealing with specific symptoms of radiation has only limited effects. This can be surmised from the finding that the improvement in the responses in Section 2 was greater than that in Section 1 in Table [6](#rry010TB6){ref-type="table"}. In radiation education, it is essential that students learn to think about radiation in connection not only with familiar objects and activities in their daily environment, but also with higher-level matters, while cultivating a rational mind. In this sense, it is deemed more effective to transmit knowledge of radiation, ensuring it is in the context of basic scientific knowledge of physics and other disciplines.

There are several limitations to consider regarding this study. First, since we conducted radiation education only at three high schools in the Soso district, our sample could have been slanted, with an unrecognized bias. Similar sessions of radiation education could have had different effects at other high schools in unaffected areas. Second, we should not overlook the fact that people's anxiety and ideas about radiation can be influenced by society. The lectures in our study were given in the academic year 2013, only 2--3 years after the disaster. Third, we evaluated the effect of the radiation class only before and after the class, and have not evaluated their long-term understanding. While a long-term follow-up survey was not practicable this time, in the future we would like to formulate an improved study design including long-term follow-up. Fourth, the results of this study are affected by a response bias caused and amplified by the combination and the designs of the questionnaire study and the lecture.

General interest in radiation has been gradually subsiding in Japan. In fact, in Fukushima, radiation is discussed less and less on a daily basis. As reconstruction and restoration advance, it is becoming possible to maintain everyday life without being conscious of the problem of radiation. At the same time, however, new problems have been emerging. Numerous cases have been reported in which people who were in an accident in Fukushima are called *hibakusha* (victims of radiation sickness caused by the nuclear power accident), and people from Fukushima can be subjected to discriminatory treatment when they consider marriage or childbirth. In such situations, radiation education is not merely for acquiring scientific knowledge or basic knowledge for daily life. It protects today's youth from societal isolation, exclusion, and attacks, including discrimination, and encourages independent thought. It is therefore extremely important to conduct radiation education indefinitely into the future. We hope that the findings in our research will be of assistance in implementing more effective radiation education.

CONCLUSIONS {#rry010s5}
===========

This study showed that radiation education in high schools was effective in terms of students acquiring relevant basic and practical knowledge. The effects of the radiation lecture differed greatly between schools, presumably due to differences in the manner and atmosphere in which the lecture was conducted. The level of trust between the teachers and the external lecturer could have added to the effectiveness of the radiation education in a particular school.

The present study also suggested that radiation education can lead students to positively transform their attitudes to and behaviors in relation to radiation. To enable such a change in awareness, the acquisition of scientific knowledge is essential, for it enables individuals to better absorb the knowledge necessary for their daily lives and make better decisions about important matters.

We would like to express our heartfelt gratitude to the organizations and individuals concerned in Soma and Minami-Soma Cities in Fukushima prefecture, including the teachers and students at the three participating high schools and the students' parents for their kind understanding of our study and their generous cooperation with it. Author contributions were as follows: conceptualization: MT; methodology: MT, YK, MY; software: MY; validation: MT, YK; formal analysis: MY; investigation: MT; resources: YK; data curation: MY; writing (original draft preparation): MT, YK, MY; writing (review and editing): MT, YK, MY; visualization: YK, MY; supervision: YK; project administration: YK. All authors approved the final draft of the manuscript.

CONFLICT OF INTEREST {#rry010s7}
====================

The authors declare that there are no conflicts of interest.

[^1]: Section 1 contained 13 questions from Q1a to Q1m; the differences were obtained by subtracting the average numbers of 'evidence-based' answers after the lecture from those (corresponding with respect to school and gender) before the lecture. Section 2 contained 18 questions under Q2, Q3, Q4 and Q6; the differences were obtained by subtracting the average numbers of 'evidence-based' answers after the lecture from those (corresponding with respect to school and gender) before the lecture. A *t*-test was conducted on the numbers of 'evidence-based' answers before and after the lecture. \*\**P* \< 0.01, \**P* \< 0.05.

[^2]: The up arrow (↑) means that a higher score is 'preferable' or 'more evidence-based.' The down arrow (↓) means that a lower score is 'preferable' or 'more evidence-based'. The double-pointed arrows (⇔) mean that neither of the above applies.

[^3]: A *t*-test was conducted. \*\**P* \< 0.01, \**P* \< 0.05. The underlined points are considered preferable for each item.
